We report the island growth morphology of 50-nm-thick FePt thin films prepared on MgO substrates by dc magnetron sputtering. In-depth high-resolution transmission electron microscopy studies showed that the island had a very flat facet in a dome shape and was composed of two distinct structures. The island contained FePt grains with an average size of 5-7 nm within about 10 nm from the film surface, whereas an ordered L1 0 phase was established below the island. The L1 0 structure was compressively strained along the film plane, generating ͕111͖ twins and stacking faults. The strained structure also affected the region where agglomeration between islands occurs. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1480109͔ FePt equiatomic alloy thin films have been intensively investigated for their magnetic properties related with L1 0 ordered structure, mostly with regard to application of highdensity magnetic recording materials such as futuregeneration storage media.
FePt equiatomic alloy thin films have been intensively investigated for their magnetic properties related with L1 0 ordered structure, mostly with regard to application of highdensity magnetic recording materials such as futuregeneration storage media. [1] [2] [3] [4] [5] [6] [7] [8] Such demand was realized through several recent studies on granular systems consisting of structurally and magnetically isolated FePt particles. [2] [3] [4] [5] [6] [7] In general, they are transformed from a disordered facecentered-cubic ͑fcc͒ structure into an ordered face-centeredtetragonal ͑fct͒ one via postannealing and/or deposition at elevated substrate temperature due to the thermal enhancement of atomic mobility. Atomic mobility is strongly dependent on growing methods such as sputtering and molecularbeam epitaxy ͑MBE͒, and is eventually determined by its growth mechanism. It is naturally assumed that a growth mechanism of FePt thin films governs not only the granular structure, but also the growth morphology itself.
Basically, the growth morphology of thin films is categorized by means of three growth modes: Frank-van der Merwe, Stranski-Krastanow, and Volmer-Weber growth known as three-dimensional ͑3D͒ island growth. 9 So far, most FePt thin films with L1 0 ordered phase have been reported to reveal a two-dimensional ͑2D͒ continuous-film structure grown via the Frank-van der Merwe mode. However, we found that our sputtered FePt thin films transformed their growth morphology from 2D continuous into 3D island structure at a substrate temperature of about 400°C, where the ordered L1 0 structure still existed in the islands. 10 In this letter, we present results of an in-depth microstructural investigation of FePt thin films by means of highresolution transmission electron microscopy ͑HRTEM͒ and scanning electron microscopy ͑SEM͒. We found that FePt islands were constructed with granular structure near the film surface and well-ordered L1 0 phase just beneath. The ordered structure was compressively strained along the film plane, showing twin and stacking faults.
50 nm FePt/10 nm Pt/MgO films with an island structure were prepared by dc magnetron cosputtering at a substrate temperature of 500°C. Details of the sample preparation and characterization techniques have been described elsewhere. 10 For observations of microstructure and morphology we utilized HRTEM ͑JEOL, JEM-4000EX͒ with a maximum magnification of 1.5ϫ10 6 and SEM ͑Philips, XL30SFEG͒. The plane view of the FePt thin film by SEM in Fig. 1͑a͒ clearly reveals the island structure. It shows an average island size of 150-200 nm, which is smaller than a critical single domain size of 300 nm. 11 Its Fourier transformation image shown in the inset reveals an eightfold symmetry, indicating a twinned ͕002͖ growth orientation of the islands. From the observation of the island surface by HRTEM, we found that the island had a granular structure with FePt grains in an average size of 5-7 nm ͓see sharp diffraction rings corresponding to the fct phase, suggesting that an ordered L1 0 structure was developed inside the FePt grains. The grain boundary with a thickness of 1-2 nm was thought to mostly consist of Pt atoms, as presented in a more-resolved image in Fig. 1͑c͒ . The structure is similar to previously reported FePt particles in the Al 2 O 3 matrix after annealing. 3 However, the grains are not completely isolated from each other, but rather interconnected to some degree, 3 including twin and stacking faults. In addition, the grains do not have sharp interfaces with the grain boundaries. Hence, we expect that the grains will be magnetically coupled between them to make an island reverse its domain as a whole.
A cross-sectional TEM view of the islands is demonstrated in Fig. 2͑a͒ . It shows that the island has a very flat facet in a dome shape. Generally speaking, when film grows heteroepitaxially, the equilibrium shape of an island strains due to the lattice misfit between the island and substrate. Hence, with increasing island volume such higher-angle faceted islands are expected to undergo a shape transition from pyramids to domes, as witnessed in Ge quantum dots on Si͑001͒. 13 As demonstrated in Fig. 3 , a closer examination of the cross section with an increased magnification of ϫ1.5 millions unveils very interesting features of the island microstructure. Figure 3͑a͒ vividly shows evidence of two different growth orientations, as indicated by arrows around the shoulder region of the island perpendicular to each other, representing ͕111͖ twins. This is consistent with the Fourier image in Fig. 1͑a͒ , as known in FePt thin films.
14 The island has a granular structure within a depth of about 10 nm from its surface. It contains circular FePt grains with a diameter size of 3-4 nm, as seen from Fig. 3͑b͒ . This is smaller than that of grains on the island surface, but both grains are considered to have almost the same volume. Beneath the structure, an ordered L1 0 phase is well established, aligning the tetragonal c axis along the film normal, including stacking faults as labeled by an arrow in Fig. 3͑c͒ . Neither HRTEM nor X-ray diffraction studies located a Pt buffer layer. Thus, it is conjectured that Pt atoms are diffused into the island. It is observed from Fig. 1͑c͒ that the atomic size in the grain boundary is relatively larger than that in the grain. Hence, it is believed that the Pt atoms are most likely to be located at the grain boundary.
Figures 2͑b͒ and 2͑c͒ show the SAD patterns from the above cross-sectional view with different exposing durations of ͑b͒ 2 and ͑c͒ 5.6 s, probing along ͓100͔. The FePt thin film shows clear diffraction spots corresponding to an ordered L1 0 phase. It has ͑001͒ atomic planes with maximum deviation angles of 2Ϯ0.05°from ͓001͔ of MgO due to its roughness, as labeled by an arrow ''A.'' This fact clearly reveals the existence of stacking faults ͑labeled by ''B'' and ''C''͒ along ͗022͘ and ͗021͘. Since we have probed the middle of an island with an electron beam in a diameter size of 650 nm, this stacking fault shows a different feature from that of the island shoulder as seen in Fig. 3͑a͒ . By calculating the diffraction spot locations for the respective directions, the lattice constant ratio c/a was found to have a value of 0.972, which is larger than the bulk one (c/aϭ0.964). This implies that the island is compressively strained, prevailing over the island along the film plane, causing the island to shrink laterally. Hence, we believe that the strain generates stacking faults along ͗022͘ and ͗021͘, and prevents their formation on the atomic plane along the film normal in the island, as clearly observed in Fig. 3͑c͒ .
To better understand strained features, we have also examined the region where the two islands were agglomerated, which is governed by Ostwald's ripening mechanism. 15 In Fig. 4͑a͒ , the presence of an agglomerate structure ͑labeled by A͒ is vividly seen. This initially grows from the rightbottom region as a coarsening site between large ͑right͒ and small ͑left͒ islands by expanding its width as the thickness increases. Interestingly, each of the three regions is strained to have distinct features of stacking faults. Since an electron beam was focused to reveal better contrasting atomic planes along the film normal, it appeared that the structure in region A had no trend to generate well-defined atomic planes or had too many stacking faults along this direction. However, from another observation in the same area with a slightly different focused angle of incidence as presented in the box area, we find that the above region A is constructed with extremely straight atomic planes along the film plane. Without any observation of stacking faults along the film plane in region B, there is a kind of edge dislocation along the film normal with a period of 5-7 atomic-layer thickness, shown as the stripe pattern. In contrast to region B, region C has no stacking faults along the film normal; rather it contains a slip along the film plane in almost the same period as above. Such considerable compressive strain in the larger island ͑region B͒ will generate tensile stress in region A along the film plane. Thus, it is assumed that this stress prevents the existence of stacking faults along the film normal, rather having almost a random distribution of atomic position on the atomic plane. As a result of both tensile strain in region A and compressive strain in the small agglomerating island ͑re-gion C͒, the occurrence of the slip planes can be clearly understood. The above characteristic behavior of the strained structure and the expected direction of shear strength are schematically illustrated in Fig. 4͑b͒ . Therefore, besides the outer shape transition, the strained island clearly affects the formation of the inner structure of the island as well as the agglomerating mechanism.
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